This work evaluates the influence of chemical additives, namely, starch, high-viscosity carboxymethylcellulose (HV-CMC), and calcite on rheological and filtration properties of inhibited drilling fluids composed by potassium citrate. A total of 11 experiments were conducted using a 2 3 -factorial design, three of which were in the central point. The concentration of starch varied from 0 to 0.0343 kg/L, the concentration of HV-CMC ranged between 0 and 0.0043 kg/L, and the concentration of calcite from 0 to 0.071 kg/L. Rheological and filtration properties were determined for the studied fluids. According to the results, starch and HV-CMC influence statistically the rheological properties of the studied fluids. The filtration properties, on the other hand, are statistically affected by these additives. The best results for fluid loss were obtained with fluids comprising starch and calcite in high concentrations, or with starch, HV-CMC, and calcite in high concentrations.
INTRODUCTION
Oil well drilling is one of the main activities in oilfields. According to Meng et al. (2012) , drilling fluids can be called the "blood" in drilling industry, playing a major role in drilling operations. This is because drilling fluids perform essential tasks, such as lubricating the drill bit, providing hydrostatic pressure, and removing drill cuttings. Another important function of the drilling fluid is to stop compacted clay minerals, commonly encountered in drilling operations, from taking up water from the drilling fluids and, consequently, swelling Shale formations containing high fractions of clay minerals such as smectites, immediately take up water from the drilling fluid, resulting in rapid swelling and dispersion of the shale (Boek et al., 1995). These clay minerals have a high capacity of exchanging cations because of their negative charges on the outer surface, which make them able to react with the cations present in solutions (Rabe, 2003) .
Shale formations have negatively affected drilling operations for many years. They interact with the drilling fluid, experience failure, and produce excessive solids to be removed from the well and from an enlarged borehole in which it is difficult to work (Lomba et al., 2000) . Consequently, typical problems such as bit-balling, disintegration of cuttings, borehole wash-out, high torque and drag, and stuck pipes are often encountered as a result of water adsorption by water-sensitive shales (Steiger & Leung, 1992).
As a solution to the problems mentioned above, the use of oil-based drilling fluids arises. These fluids have excellent properties such as stability, lubricity, and temperature stability (Mohamed et al., 2010) . They have demonstrated to produce minimal shale/mud interactions in the past (Lomba et al., 2000). However, oil-based drilling fluids are environmentally unacceptable and are particularly hazardous to marine ecosystems. Consequently, much research has focused on improving the properties of water-based drilling fluids with the means of having comparable performance to that of oil-based drilling fluids (Suter et al., 2011) . Unfortunately, when water-based fluids come into contact with shale formations there is a flow of ions and water into the shale due to differences in chemical and hydraulic potentials of the species in the pore and drilling fluid (Lomba et al., 2000) . Their use facilitates clay hydration and swelling, which can have an adverse impact on drilling operations and may lead to significantly increased oil well construction costs (Anderson et al., 2010).
During the drilling practice in shale formations, additives such as rheological modifiers and shale inhibitors are frequently added into water-based drilling fluids to reduce clay mineral or shale swelling (Qu et al., 2009). Inhibited drilling fluids are used because of their special rheological properties, in particular, their ability to promote gelification under certain conditions and their susceptibility to thixotropy. Equally important is their capacity of forming a cake on the walls of the rock formation, which prevents the collapse of the pit walls. The cake stops the invasion of water in the geological formation both during drilling operations and at rest, when the drilling operation is stopped. A good drilling fluid presents great filtration properties to obtain a cake with adequate permeability. If the cake is very permeable, a great amount of the drilling fluid water will pass through the cake into the geological formation. If the cake is impermeable, its thickness may increase, which leads to a decrease in the pit diameter and an increase in the pressure inside the pit. As a result, the drilling will be difficult to maneuver (Chilingarian & Vrabutr, 1983).
Usually, salts are used as inhibitors of active formations in order to reduce the hydraulic flow, mainly due to the viscosity of its filtrates and their capability of stimulating the flow of water from the clay formation to the drilling fluid, reversing the flow, reducing the formation hydration, and stabilizing the pore pressure around the well (Guimarães & Rossi, 2008) . In this study, potassium citrate was used as inhibitor.
The measurements of static filtration and wall cake thickness of a mud are essential to the control and treatment of drilling fluids. These characteristics are influenced by the nature and quantity of solids in the fluid and their physical and chemical interactions with the liquid. Sodium bentonite, synthetic, and biopolymers are commonly used as filtration control agents (Hamida et al., 2010) .
One of the desired properties of a drilling mud is that it should minimize fluid loss from the wellbore into the surrounding permeable formation. This is achieved by creating a low-permeability filter cake at the surface of the wellbore (Sherwood & Meeten, 1997).
As described by Ding et al. (2002), at an early time of drilling, as soon as the drilling bit penetrates a formation, a quick mud invasion (spurt loss) into the formation occurs. The mud invasion is caused by the absence of a filter cake to prevent the invasion of solid particles into the oil formation. During this period, there is a progressive deposition of solid particles on the porous medium, which creates an internal filter cake. This episode is called "spurt period", which generally is very short, lasting only a few minutes. At the end of the spurt period, an internal filter cake is completely formed, after which most of the solid particles are retained inside the wellbore, creating an external filter cake layer (mud cake). This mud cake layer controls the invasion rate of mud filtrate. Meanwhile, the mud filtrate continues to invade the formation by traversing the mud cake and the internal filter cake.
The starch, a polymer that presents a structural molecule of a slightly anionic character, considered hydrophilic, is among the additives studied in this work. This feature renders it able to absorb large quantities of water, which allows it to act as a controller of fluid loss in the formation. Another important feature of this polymer is the fact that it has large moieties on its chain, which helps minimizing the penetration of drilling fluids in the formation (Guimarães & Rossi, 2008).
Carboxymethylcellulose (CMC) is a polymer derived from cellulose which is insoluble in water. Therefore, in order to become soluble, it is modified to the form of a polyelectrolyte (Amorim, 2003) . According to Pereira apud Amorim (2003), the CMC is largely used in water-based fluids as a filtrate reducer, to minimize losses by filtration and produce very thin filter cakes that are capable of preventing the flow of fluid through the geological formations that are being drilled.
Calcium carbonate (CaCO3), or calcite, on the other hand, can be used as a sealant of the cake pores. It helps to reduce fluid loss due to shutting of the pores of the filter cake, thereby increasing its impermeability more quickly.
Based on the above considerations, the aim of this work is to evaluate the influence of chemical additives such as starch, high-viscosity carboxymethylcellulose (HV-CMC) and calcite on rheological (apparent viscosity, plastic viscosity, and yield limit) and filtration properties (fluid loss, cake thickness, permeability, and spurt loss) of inhibited drilling fluids composed by potassium citrate.
MATERIALS AND METHODS

Materials
Water-based fluids developed by Lucena (2011) were used to prepare the drilling fluids. The additives employed in this work, with their corresponding functions and concentrations, are listed in Table 1 . , with three experiments at the center point, was used to develop the studied drilling fluids' formulations, totaling 11 experiments. A regression of the experimental data was done using the Statistica ® software, version 5.0 (Statsoft, 2004) . The codified levels and the real values of the input variables used in the planning are shown in Table 2 , and the experimental planning matrix is shown in Table 3 .
Preparation of drilling fluids
The drilling fluids were prepared using a Hamilton Beach 936 high-rotation mechanical agitator. Initially, the anti-foam was added to the water, and after 300 seconds stirring at 13,000 rpm, the other additives were added, one at a time. Each additive remained another 300 seconds at low agitation, except the starch, the HV-CMC and the calcite, which were kept under stirring for 600 seconds. Finally, the last additive was added to the drilling fluid and the stirring speed was increased to 15,000 rpm. After preparation, each fluid remained at rest for 24 hours. Then, the tests were conducted to determine the rheological parameters.
Rheological study
The rheological properties of the fluids in this research were tested with a Fann 35A viscometer. After 24 hours, the fluid was stirred for 300 seconds under constant agitation at 13,000 rpm, using the Hamilton Beach agitator. Then, the rheological study was done using the viscometer, under API rules (2005). Apparent viscosity (AV) is the value obtained at 600 rpm divided by 2, in cP, and plastic viscosity (PV) is the difference between the values obtained at 600 rpm and 300 rpm, also given in cP. Then, the viscosities were converted to Pa.s (cP x 10 3 ). The yield limit (YL) is the difference between the value obtained on reading at 300 rpm and the plastic viscosity, in Pa.
Fluid loss
After the rheological study, the fluid loss was determined by agitating the drilling fluid for 60 seconds at constant speed. The mud sample was then transferred to the API filter press cell. A pressure of approximately 7.0 kgf/ cm 2 was applied during 1800 seconds. Table 2 . Codified levels and real values of the input variables used in the factorial planning.
Input variables
Codified levels
0.0 0.0357 0.0714 Table 3 . Experimental planning matrix.
Fluids
Concentration of Starch
Concentration of HV-CMC
Concentration of Calcite
F1 -1 -1 -1 F2 +1 -1 -1 F3 -1 +1 -1 F4 +1 +1 -1 F5 -1 -1 +1 F6 +1 -1 +1 F7 -1 +1 +1 F8 +1 +1 +1 F9 0 0 0 F10 0 0 0 F11 0 0 0
Mud cake thickness
To determine the mud cake thickness, a methodology developed by Farias (2005) was adapted based on the API 13B-1 (2003) standard procedure. The filter paper was collected with the cake formed during the assay to obtain the fluid loss. Then, this paper was washed out three times at a constant flow of approximately 30.5 mL/s, at a distance close to 7 cm from the flow controller, with a diameter of 1.5 cm and an angle of attack of approximately 45 o . After washing, the filter paper was inserted in two glass slides and submitted to a pressure of approximately 277.6 Pa for about 120 seconds with the aim of equalizing the surface of the cake. After this period, the cake thickness was measured using an extensometer. Five measures of the thickness of the slides and the filter paper with the cake in distinct points were made. Then, the arithmetical average of the five readings was calculated.
Permeability
The mud cake permeability was determined with Equation (1 
Spurt loss
There is a spurt loss at the start of a filter test made on paper before filtration proper begins, and, thereafter, filtrate volume comes proportional to the square root of the time interval. This property provides the instantaneous loss of fluid which occurs before mud cake formation and is a good indicator of the amount of suspended solids in the fluid. The initial filtrate was determined according to the ANSI/API 13I standard and measured in the following times: 60, 300, 450, 600, 900, 1500, and 1800 seconds. The values obtained were represented graphically as accumulated fluid loss, as a function of the square root of time. Table 4 presents the results of apparent viscosity (AV), plastic viscosity (PV), yield limit (YL), fluid loss (FL), cake thickness (CT), and permeability (K) obtained for the fluids prepared according to the experimental design shown in Table 3 . Based on these results, it was observed that increasing the concentration of HV-CMC largely affected the rheological properties of the fluids. In particular, it was observed that the values of the rheological properties increased to a larger extent when the concentrations of HV-CMC and starch were increased together. This result is evident when comparing the results obtained for fluids F4 and F8 (composed by the maximum amounts of HV-CMC and starch), as well as F3 and F7 (composed by the maximum amount of HV-CMC, however without starch), with the other fluids. It is known that the HV-CMC is a viscosifier, and, as expected, this characteristic was confirmed in the assays. Alternatively, the starch also contributed to the increase in fluid viscosity, in spite of its use as a filtrate reducer. This can be confirmed by comparing the results for fluids F1 and F2, both with the same base composition, but with the addition of starch in F2. The same conclusion can be made by comparing fluids F3 and F4, and fluids F7 and F8, since the difference in composition is only the concentration of starch.
RESULTS AND DISCUSSION
With respect to calcite, an increase in viscosity is expected with the increase of its concentration, given that this additive has low degree of solubility and can be found in fluids in the form of a dispersed solid, which increases flow resistance. In general, this behavior was observed in the studied fluids.
Regarding the filtration properties, it was observed that fluids F6 and F8 presented lower FL values, which is desirable, ranging from 0.0052 to 0.0058 L, respectively. Fluid F1 showed higher FL (0.0334 L), which was due to the fact that it does not contain any filtrate reducer or sealant in its composition. The high values for fluid loss, on another hand, may indicate excessive invasion of the filtrate in geological formations.
From Table 4 , it was observed that fluid F1 showed high permeability when compared with other fluids. The high permeability in this case is related to the absence of the filtrate reducer, the sealant and the viscosifier, and can be directly related to fluid loss, which was also high, in that filtration control is impaired as the permeability of the mud cake increases. Also, fluids F6 and F9 had lower permeability values. The mud cake permeability is influenced by the nature of the colloidal particles in the system, as well as by the size and shape of these particles. Macromolecular organic compounds, such as starch, reduce the mud cake permeability because of the deformation capacity and the small size of their hydrolyzed molecules (Lomba, 2010). Table 5 shows the analysis of variance (ANOVA) and the codified mathematical models (regression equation) for the following parameters of the studied fluids: apparent viscosity (AV), plastic viscosity (PV), yield limit (YL), fluid loss (FL), cake thickness (CT), and mud cake permeability (K).
For the inhibited fluids prepared according to the experimental planning, the analysis of the statistical significance showed that the correlation coefficients (R) and the explained variation coefficients of the experimental results for AV, PV, Table 5 . Analysis of variance (ANOVA) and codified mathematical models of the AV, PV, YL, FL, CT, and K of the inhibited fluids for the applied experimental planning. According to the mathematical models obtained, only calcite and the interaction of HV-CMC and calcite statistically influence FL. For CT and K, only the average had statistically significant influence. This is due to the low values of the correlation coefficient and percentage of explained variation.
Test F presents the ratio between Fcalculated and Ftabulated. When this ratio is higher than 1, the regression is statistically significant (Rodrigues & Iema, 2010). For the evaluated parameters, the variable PV presented Test F values higher than 1, indicating that the model is statistically significant at a 95% confidence level. For the properties AV and YL, statistically significant and predictive models were obtained at a 95% confidence level, since the ratio between Fcalculated and Ftabulated were higher than 5. Figures 1, 2 , and 3 present the response surfaces obtained from the mathematical models presented on Table 5 to AV, PV, and YL, respectively.
By analyzing Figure 1(a) , it can be observed that highest values of AV are obtained when the fluids are prepared using higher concentrations of starch and HV-CMC. This behavior was observed when setting the calcite concentration in 0.0357 Kg/L. Considering the drilling fluids F6 and F8 as the ones that presented the best results for filtration control, plots of FL versus t 1/2 for fluids F6 and F8 were plotted to determine the spurt loss. Figure 7 shows these plots. ), the point where the curve touches the y axis shows the spurt loss value. The main cause of this initial loss is that there is a tendency for smaller particles to pass through the filter media before there is any blockage of the pores by the mud cake, whereby only the filtrate will pass. Thus, the values found for fluids F6 and F8 were 0.90 and 3.4 x 10 -4 L, respectively. Fluid F8 showed lower and therefore better value for spurt loss, indicating that higher amounts of thin particles are present in its composition.
CONCLUSIONS
From the experiments described in this work, one can conclude that the concentrations of starch and HV-CMC statistically affect apparent and plastic viscosities. Considering the yield limit of drilling fluids, at a 95 % confidence level, for these properties, the highest values were obtained for fluids with 0.0343 kg/L of starch and 0.0043 kg/L of HV-CMC. Furthermore, it was observed, from the rheological standpoint, that the association of higher concentrations of starch and HV-CMC in drilling fluids inhibited with potassium citrate being more effective for the proper performance of its functions, as well as to the success of the drilling operation.
It was also found that additives such as starch, HV-CMC, and calcite influence the filtration properties of drilling fluids. The use of either starch and calcite in high concentrations, or starch, HV-CMC, and calcite in high concentrations, in waterbased fluids, lead to satisfactory values of API fluid loss, as much as 6.0 x 10 -3 L, which represents a decrease of about six times compared to the fluid without additives.
As for the spurt loss, the lowest and best value was obtained for the fluid with high concentrations of starch, HV-CMC, and calcite, indicating that this fluid is composed by a higher quantity of solid particles, and the formation of the mud cake occurs more rapidly.
